Abstract: Deterministic models, in which mathematical equations are used to predict the occurrence of various phenomena in the subsurface, are widely used today in basin modeling. However, these models suffer from a number of weaknesses, including incorrect or incomplete equations, incorrect constants in the equations, and errors in input variables. Several alterna tivesto present deterministic basin models are illustrated here by showing their application in describing permeability.
Introduction
Each of these ap proachescan improve the accuracy of the final modeling output. Because even a superficial discussion of all aspects of basin modeling is impossible here, I will illustrate these ideas using one of the most important parameters in all basin models: permeability. Basin models traditionally use permeabilities calculated from porosity values using some type of empirical equation (e. g., equation
(1)). Porosities in turn are calculated using other empirical equations. Calculated per meabilitiesmay be checked against measured data if the latter are available.
There are a number of problems with this approach. Little distinction is made between horizontal and vertical permeabilities, al thoughthey may differ by more than an order of magnitude. Measured permeabilities, where available, may be used regardless of whether they represent the main direction of fluid flow, and without due regard to whether they are truly representative.
Measured per meabilitiesfor fine-grained rocks are scarce and unreliable. Finally, fracture permeability is probably grossly underestimated by such treatments.
The next sections of this paper discuss several novel ways to combat these problems.
Self Similarity

Introduction
The concept of self similarity, the basis of fractal geometry, offers a statistical alterna tiveto these deterministic methods of obtain ingpermeability values. Self similarity states that small-scale patterns also reappear as large-scale patterns (Fig. 1) . If self similarity applies, we can learn about a large-scale feature (such as a formation) by looking at a small sample (such as a core).
There is a sharp contrast between a self-simi larityapproach and an approach based only on direct measurement. For formation permea bilitiesfor example, traditional deterministic modeling would simply use values obtained by analyzing a hand sample. In contrast, a self-similarity approach would multiply the measured small-scale value by a scaling factor to obtain the effective permeability of a for mation.Self-similarity would therefore lead to a higher formation permeability than simply using measured data (Fig. 1) .
There is no reason to believe that the concept of self-similarity applies perfectly to permeabil ityover any scale, much less over all scales used in basin modeling. In fact, it would be surprising if it does. Nevertheless, it is likely that self similarity is at least approximately applicable on some scale. Even if self similari tyis only partly applicable, however, it should still help us make better estimates of effec tiveformation permeabilities than measured data alone can provide.
Reservoir rocks (carrier beds) Let us look first at reservoir rocks and car rierbeds, in which flow is dominantly horizon tal.If a reasonable degree of self similarity exists on the scales we are discussing (ranging from perhaps 1cm for hand samples to a few hundred meters for thick formations), use of a self-similarity model will give a better estimate of effective permeabilities of entire formations than will a deterministic ap proach( Fig.  1) . In describing carrier beds we are not concerned with whether permea bilityis self similar outside these size limits.
We are currently developing a method to estimate effective permeabilities of reservoir formations from measured permeability data available on scales ranging from hand samples to formation tests. We hope that scaling factors will turn out to be similar for the various reservoir lithologies. Once scaling factors have been determined, permeabilities of reservoir rocks can be assigned using equa tion(2): logk=alogz+b
where a is the scaling factor obtained from the slope of the self-similarity plot and z is the for mationthickness ( Fig. 1) . In similar equations that describe self-similarity relationships in fractal geometry, the term a is closely related to the fractal dimension.
The concept of self similarity may also be useful in estimating effective permeabilities of formations even where self similarity is not strictly applicable. The effective permeability for a carrier bed will be similar to the highest permeability in the bed. However, if we measure permeability for a single 10-cm sam pletaken from a 100-m-thick carrier bed, that sample is unlikely to represent the maxi mumor effective permeability ( Fig. 2A) . If we analyze more samples, the maximum measured permeability approaches the effective forma tionpermeability (Fig. 2B ). However, in the real world we would seldom have multiple permeability measurements on a single formation. Thus a statistical method to Fig. 1 Generalized plot of log permeability (k) versus log thickness (z) of rocks under consideration. Dots represent measured data from cores. Solid line represents one example of perfect self similarity over a wide range of scales. The slope of the line is the scaling factor a in equation (2) Since fluid flow is mainly perpendicular to bedding (ENGLAND et al., 1987) , the maximum possible dimension is the length or width of a formation, and thus is essentially infinite. Therefore, if vertical permeability were self similar on all scales, effective vertical permeability would also be comeimpossibly large. In order to define ef fectivevertical permeability, we must find the upper limit of self similarity and use this permeability as the effective permeability (Fig. 3) . However, because determining this upper limit may be difficult in practice, we suggest another approach, discussed below, for fine-grained rocks. We divide the wells into two groups: those in which a particular fine-grained unit is over pressured,and those in which it is not. We then plot log S versus log h for all wells, and draw a line that provides the best separation between normally pressured and overpressured examples (Fig. 4) . Since we have assumed that C' is a constant, any deviation from a straight line with slope (-2) is due to varia tionin P. A mathematical equation can be developed for P as a function of h, and sub stitutedinto equation (4):
(6) Once we have determined P (h), we may attempt to use that equation universally, al thoughanalysis of further case studies may show that P(h) varies depending on lithology. If we want to predict whether a given rock unit will be overpressured at a location where we lack pressure data, we simply calculate the value of Smax using equation (6). Then we com pareSmax with the actual sedimentation rate. If S>Smax then the unit will be overpressured, whereas if S<Smax, the unit will be normally pressured. Equation (6) will have to be calibrated ford ifferent lithologies, and may even require local calibration, because the maximum sedi mentationrate at which normal pressure can be maintained will depend on factors that were not specifically addressed, such as fine in tercalationsof permeable layers, degree of fracturing, and grain size, as well as on ob viouslithologic influences. Local calibration is a nuisance, but it will lead to values of Smax that are consistent with local geology.
Where pressures are predicted to be normal, compaction-driven fluid flow can be calculated directly from an empirical compaction equa tionsuch as (3 MANN and MACKENZIE, 1990) . The volume of water expelled can be calculated as the difference between the volume predicted by the normal compaction equation and the volume that must have been retained in order to achieve the overpressuring.
Relative permeability Detailed knowledge of relative-permeability curves for fine-grained rocks is necessary in order to calculate hydrocarbon expulsion from source rocks. However, such curves cannot be obtained by direct measurement. Most basin models using two-phase flow simply adapt relative-permeability curves from reser voirrocks to source rocks, but the reason ingbehind these adaptations is generally unclear.
We hope to make a better estimate of rela tive-permeabilitycurves for source rocks by applying self-similarity concepts. We will plot the values of water saturation at which oil and water each have relative permeabili tiesof 0 and 1 (four values total) as functions of total permeability for reservoir rocks. If trends develop we will extrapolate them to the lower total permeabilities that are typical of source rocks. The extrapolated values will then allow us to construct simple relative-permea bilitycurves for source rocks. If this ap proachis successful, we will also attempt to fill in some intermediate relative permea bilitiesin the same way in order to obtain nonlinear relative-permeability curves.
Fracture Permeability
The discussion of permeability thus far has focused on matrix permeability.
Where they are developed, however, tensional fractures play a dominant role in hydrodynamics, especi allywhere matrix permeabilities are low. Microfracturing (and perhaps even macro fracturing)may be important in allowing water and oil to migrate out of source rocks in the process we call "expulsion" or "prima rymigration."
During secondary migration fractures and faults can lead to vertical migration instead of lateral migration, and thus can change the direction of fluid move ment.They can also convert seals to migration conduits. Vertical movement of fluids can lead not only to emplacement of hydrocarbons in otherwise-unexpected places, but also to considerable heat transfer (e. g., CATHLES and SMITH, 1983; BETHKE and MARSHAK, 1990) .
A knowledge of fracture permeability is also extremely important in evaluating seals, since fracture permeability can be much larger than matrix permeability for fine-grained rocks. Furthermore, accumulations are often located in areas of high tectonic stress, where fractur ingof seals is a real possibility. Therefore, the inclusion of fracture permeability in basin models is essential for realistic evaluation of the possibilities of trapping or remigration. Unfortunately, present basin models essentially ignore the role of faults and tectonic fractures in fluid flow.
The occurrence and degree of tensile fractur ingcan be predicted from stress-strain con siderations(e.g., KODAMA et al., 1985) . Addi tionalempirical information about the degree of fracturing may turn out to be obtain ablefrom empirical comparison of Smax and h, as outlined above. It may also prove possible to apply self-similarity concepts or fractals to predict small-scale fracture patterns using fault patterns obtained from seismic data, field observations, etc. (A. OKUI, personal communication, 1990) . It has already been noted that fractal dimensions for faulting and fracturing can be similar (e. g., HIRATA, 1988).
Effects of Time Scale
In applying permeability concepts to basin modeling, we must be aware of the great dif ferencebetween human time scales, which govern reservoir engineering, and geologic time scales, which govern migration. Differences in flow rates bwtween reservoir rocks with 10 Darcy and 10m Darcy permeability may be very important in production, but are probably of no great significance when considering fluid flow across a basin, because the long periods of time available for basinal flow tend to minimize such differences. It is therefore not important in basin modeling to specify pre ciselythe permeabilities or transmittabili tiesof all rocks under all conditions.
For example, Figure 5 shows a two-dimen sionalsimulation of fluid flow in a ba sinwhich contains both high-permeability sandstones and low-permeability shales. There are 49 cell boundaries across which fluid flow could occur. If we assume that fluid can flow freely across all the sand-sand boundaries, that it can flow in a restricted fashion governed by Darcy's law from shale to sand, and that no fluid can flow across the shale shaleboundaries, the number of calculations and their complexity are greatly reduced.
Using these assumptions, we do not need to perform any calculations for 18 of the cell boundaries (shale-shale), since the flow is assumed to be zero. Furthermore, fluid flow across the 11 boundaries connecting two highpermeability cells can be considered using only a simple compaction algorithm (for example, equation (A9)) for the expelling cell, and then adding the fluid flowing into that cell from other sources. The remaining 20 cells, where flow is from shale to sand, may require slight lymore complex calculations if overpressur ingis occurring. However, when pressure is normal, fluid flow across those boundaries can also be calculated using the simple com pactionalgorithm (equation (A9)). In basin modeling it will be important to specify vertical permeability of fine-grained rocks under conditions where overpressuring is important.
When overpressuring is not deve loping,knowledge of permeabilities is not necessary, since the volume of fluid expelled can be calculated from the simple compaction equation (A 9). Horizontal permeabilities for low-permeability rocks are in general also unnecessary, since most expulsion from low permeabilityrocks occurs vertically rather than horizontally (ENGLAND et al., 1987) .
For carrier beds we need only specify a mini mumpermeability, below which the unit is incapable of transmitting fluids across basins. For rocks with permeabilities above these mini mumvalues, fluid flow can be calculated by simple equations derived from compaction and mass balance, since any permeability above the minimum is adequate to transport all available water derived from compaction. "Carrier beds" with permeabilities lower than the minimum would be considered to have zero permeability (that is, to be like shales), and thus would not have to be calculated.
For seals we would have to establish two criteria: minimum permeabilities for perma nentseals, and minimum permeabilities for seals for kinetic traps (that is, poor seals that merely serve as temporary bottlenecks). Permanent seals would be assigned zero mat rixpermeability, whereas fluid flow through seals for kinetic traps could be calculated using Darcy's law.
We would have to identify the occurrence of tensile fractures in rocks with low matrix per meabilities.Rocks containing such fractures would be considered as unrestricted conduc torsfor fluid flow. Rocks with no fracturing or compressional fracturing only would have their original matrix permeability only. The existence of tensile fractures would thus have no practical effect on carrier beds, which are already capable of transmitting all available fluids, but would strongly alter the behavior of rocks with low matrix permeabilities.
Precise values of fracture permeability are quite difficult to determine. However, the same observations made previously about matrix permeability should also prove to be applicable to fracture permeability: (1) there is a minimum degree of tensile fracturing (and hence fracture permeability) required to permit flow of all available fluids, and (2) from the point of view of basin modeling permeabilities above this minimum value will have little practical effect on the system. If we can determine this minimum degree of fracturing, we can then label each cell as either "fracture permeable" or "fracture impermeable." This approach will avoid the difficult task of deter miningor predicting actual numerical val uesfor fracture permeability.
A particular benefit of being able to consider many rock cells as either wholly open or wholly closed to fluid movement, and to use compac tionequations instead of Darcy's law where verpossible for the partially open cells, would be much faster execution of computer simu lations.Since all forms of modeling should be highly interactive, simulation speed is very important.
The capability to carry out more precise simulations (for example, using Darcy's law across all or most cell boundaries) could be maintained as an option to be used in final simulations once a "best" geologic scenario has been selected using quick simulations.
Conclusions
A number of novel approaches to describing permeabilities of rock units have been discussed. These various approaches illustrate how a greater reliance on empirical data and statis ticalmethods, together with a careful analysis of what we really need to know in order to carry out basin modeling, could improve the quantitative aspects of numerical basin model ing.Although these ideas were illustrated using permeability, they are probably applicable to other aspects of basin modeling as well.
The first step toward improving current basin models is to make an honest assessment of the weaknesses of our models and an ap praisalof the possible sources of empirical data that could guide us to better models. The second step is to attempt to utilize these sources of data. 
then S=Cebz(1-B)P/h2 (A26)
